Natural selection and genetic linkage cause DNA segments to have genealogical histories resembling those of the selected sites. When a polymorphism maintained by selection is old, it will have an island of enhanced sequence variability surrounding it, which represents a detectable ''signature of selection.'' We investigate the structure of single-nucleotide polymorphisms (SNPs) in a 20-kb interval containing the Arabidopsis thaliana disease resistance gene RPS5, a locus containing common alleles for the presence͞ absence of the entire locus. The alleles are considerably diverged at surrounding sites, indicative of an old polymorphism maintained by selection. The island of ''enhanced'' variability extends several kilobases to either side of the RPS5 deletion junction, and these SNPs are in nearly complete linkage disequilibrium with the RPS5 insertion͞deletion. At a distance of 10 kb to either side of the locus, however, we find low levels of polymorphism and the absence of linkage disequilibrium between individual SNPs and RPS5 alleles. Our results show that the interval of enhanced variability surrounding this balanced polymorphism in Arabidopsis is large enough to be readily detected, but small enough to span the focal gene and few others. For this species it should be possible to identify the complete set of genes with long-lived polymorphisms, a potentially important subset of genes segregating for functional variants.
B
alanced polymorphisms are mutations maintained in populations by natural selection through heterozygote advantage, frequency-dependent selection, or spatial-temporal selection of alternative alleles. In contrast to strictly advantageous or deleterious mutations, whose persistence times as polymorphisms are generally short, balanced polymorphisms can be maintained indefinitely. They are also more likely to be segregating at intermediate frequencies, where they contribute most to population variance affecting fitness. Thus, there are good reasons to be interested in identifying balanced polymorphisms in a species.
Under favorable circumstances, it is possible to infer the existence of a balanced polymorphism by examining the distribution of single-nucleotide polymorphisms (SNPs) within and between alleles. The magnitude of interallelic divergence of selectively neutral mutations can be related to the age of alleles; statistical tests have been developed to determine whether the age of a polymorphism is unusually large relative to selectively neutral expectations and hence is a candidate for a balanced polymorphism (1) (2) (3) . This approach does not require prior knowledge of a gene's function, and it is not restricted to coding regions.
Detailed studies of SNP have been conducted in both Drosophila and humans. These studies have not identified many new candidates for balanced polymorphisms, suggesting that this form of selection may contribute relatively little to the standing crop of functional variation within a species (refs. 4-7; for alternative approaches to detecting selection, see ref. 8 ). However, Drosophila and humans have relatively high recombination rates per adjacent base pair for coding portions of the genome (9) . According to theory, the enhancement in neutral polymorphism surrounding a balanced polymorphism in these species will be confined to short regions, perhaps on the order of hundreds of base pairs or less (3, 10) . Such short regions of elevated neutral polymorphism will be difficult to detect in population samples, which may explain why few genes exhibit this signature of old polymorphism (5) .
Identification of a locus with an old balanced polymorphism will be facilitated when the recombination rate is low, causing the genealogical histories of adjacent SNPs to be more strongly correlated, but the ability to pinpoint the target of selection will also be reduced because larger segments of the genome will be affected. In principle it should be possible to identify a species in which the effective recombination rate is low enough to allow good statistical power to detect long-lived polymorphisms when they are present, but not so low that large segments of a chromosome share the same genealogical history.
Arabidopsis thaliana is largely self-fertilizing and has a patchy distribution of inbred populations (11) (12) (13) . The effective recombination rate in this species is expected to be low because it depends on relatively rare outcrossed matings between different genotypes. But recombination between polymorphisms separated by 1 kb or less is not uncommon in SNP surveys in Arabidopsis, and the scale of linkage disequilibrium (LD) in this species does not seem to extend beyond tens or hundreds of kilobases (14) . From these observations, we conjectured that the recombination structure in this species might be well suited for pinpointing old polymorphisms.
To evaluate this hypothesis, we investigated the variation surrounding RPS5, an R gene containing a polymorphism for disease resistance and susceptibility. The RPS5 locus contains a common polymorphism for the presence and absence of the entire R-gene locus. Functional RPS5ϩ alleles confer specific recognition of a Pseudomonas syringae strain that expresses the avirulence gene avrPph3 (15) . The allele lacking the locus (16) is designated RPS5Ϫ. In a previous study, we discovered a balanced polymorphism at RPM1, another R gene in this species with a common polymorphism for the presence͞absence of the locus (17) . We ask whether RPS5 has a similar signature of selection and, if it does, over what physical distance this signature extends along the DNA from the site of the insertion͞deletion polymorphism.
Materials and Methods
Sequence of RPS5 Gene Regions. Accessions were chosen without prior information about their RPS5 genotypes. DNA fragment and sequence data were obtained from PCR amplification products and dye-terminator cycle-sequencing chemistry (Applied Biosystems). We were unable to amplify and sequence the distal 5Ј region (5Ј-10kb in Fig. 1 ) in the accession, Bla-2. All DNA sequences have been submitted to the GenBank database (accession nos. AY062364-AY062428). Col-0 sequence (accession no. AC022522) was included in the analyses. and PROSEQ 2.71 (http:͞͞helios.bto.ed.ac.uk͞evolgen͞filatov͞ proseq.html).
LD.
A permutation test was constructed to evaluate the statistical significance of pairwise LD among SNPs within and between regions. For bi-allelic data, a 2 test can be used to assess the significance of the associations between any pair of sites. This test allowed us to obtain the number of significant comparisons among possible pairwise comparisons within and between regions (see ref. 20 for details). For testing the significance of this number comparing sites within a region, we randomized alleles in each of two sites and determined the significance of the associations, for all possible comparisons. The probability of obtaining the observed number of significant pairwise association tests or more under the null hypothesis of no association between alleles was obtained from 1 ϫ 10 6 permutations. For testing the significance of this number comparing sites between regions, we randomized haplotypes in each of two regions. This treatment eliminates the effect of LD within a region, which can bias the number of significant comparisons between regions.
Balancing Selection. A coalescent model with selection and recombination (3, 10) was used to model neutral variation linked to a site under balancing selection. For each sliding window, we calculated the ratio of average pairwise difference between allelic classes (observed or predicted under balancing selection) to the average pairwise difference expected under the standard infinite sites neutral model. For observed data, according to Kreitman and Hudson (3) , this ratio is calculated for each window as the average pairwise difference between RPS5ϩ and RPS5Ϫ allelic classes in the window divided by divergence between species in the window, divided by the species-wide average ratio of polymorphism to divergence (0.08), based on eight genes in Arabidopsis (Adh, Adh upstream region, ChiA, ChiB, FAH1 and F3H, PgiC, CHI; refs. [21] [22] [23] [24] [25] [26] [27] . For selection predictions, this ratio is the expected coalescence time for two lineages linked to different selected alleles, divided by 2, the expected coalescence time for two random lineages without selection (10) , averaged over all sites in the window. The model we used (10) assumes that two alleles at site 0 are maintained by strong selection at a fixed frequency p, with population mutation rate ␤ ϭ 2N e u s between selected alleles, and population recombination rate ϭ 2N e r, where N e is the effective population size, u s is the symmetric mutation rate interconverting resistance and susceptibility alleles, and r is the recombination rate per meiosis between adjacent bases. For one curve, an estimate of ϭ 2N e (1 Ϫ s)r (28) ϭ 6 ϫ 10
Ϫ4
is obtained from an estimate of r obtained from linear regression of six recombinant inbred markers near RPS5 (m488, mi372, mi443, SGCSNP246, ve006, and EG17G9; see www.arabidopsis.org͞). N e was estimated by dividing a genome-wide estimate of ϭ 2N e u ϭ 9 ϫ 10 
Results
Eleven of the 22 ecotypes constituting our ''random'' sample (Table 1) were resistant and the other 11 ecotypes were susceptible. As expected, sequencing around RPS5 gene regions revealed that all 11 resistant ecotypes contained the RPS5 locus, whereas 10 of 11 susceptible ecotypes were missing the whole RPS5 coding sequence. A single exceptional line, Tsu-0, contained the RPS5 locus with a frameshift mutation in the coding region; this RPS5 allele is likely to be nonfunctional, thus explaining this line's susceptibility to infection. An additional survey of 69 ecotypes representing worldwide samples yielded RPS5ϩ frequency of 0.55 (data not shown). We also surveyed 213 lines from 22 North American and European population samples. Nine of the population samples contained both RPS5ϩ and RPS5Ϫ alleles; the average RPS5ϩ frequency within populations across the 22 samples was 0.42.
To determine whether the polymorphism around the RPS5 deletion junction (DJ) is old, and hence a candidate for a balanced polymorphism, we examined SNP in 5,825 bp (CR) centered on the DJ of RPS5. We also examined SNP in a 966-bp segment located 10 kb upstream of the DJ (5Ј-10kb) and a 1,137-bp segment located 9 kb downstream of the DJ (3Ј-9kb). The CR sequence encompasses the complete coding sequence of RFL1 (the 5Ј side of the DJ), a distantly related paralog of RPS5, and the partial sequence of the predicted gene encoding transaldolase (the 3Ј side of the DJ). The tandem arrangement of RPS5 and RFL1 is present in the sister species, Arabidopsis lyrata, indicating that the RPS5 polymorphism arose as a deletion, just as observed for RPM1 (31) . The 5Ј-10kb and 3Ј-9kb sequences encompass partial sequence of ''T28K15.8, Hypothetical Protein'' and ␤-fructosidase, respectively, as illustrated in Fig. 1 .
SNP.
We found 222 segregating sites in 5,825 bp comprising the CR, a high level of SNP ( RPS5ϩ and RPS5Ϫ alleles form two distinct clades (Fig. 2 A  and B) . With the exclusion of four sequences (Kz-13, Lip-0, Ab-27, and Rf-4) that are construed to be recent recombinants between the two haplotypes (as explained in the Fig. 2 legend) , 168 of the 220 remaining polymorphisms are between the two classes of alleles. As expected for a balanced polymorphism in this species, only a low level of SNP is segregating among members within each of the two allelic classes (P ϭ 0.0013 and 0.0023 for RPS5ϩ and RPS5Ϫ classes, respectively, excluding the putative recombinant sequences). This configuration of polymorphism, two divergent haplotypes at a similar frequency in our sample, is incompatible with the standard equilibrium neutral model, as evidenced by tests of neutrality using frequency spectral criteria (Tajima's D ϭ 2.46, P Ͻ 0.01 and Wall's B ϭ 0.61, P Ͻ 0.05; refs. 33 and 34). Strongly positive values of these test statistics are consistent with a selectively maintained polymorphism.
The balancing selection hypothesis allows us to make two predictions about variation segregating further upstream and downstream from the locus. First, the density of SNP, as measured by nucleotide diversity, is expected to decrease as a function of the recombination distance between the site under selection (presumed to be the DJ) and the neutral site (10) . Second, the strong association observed between SNPs in the CR and the DJ will also decrease as a function of the recombination distance. These two predictions are not independent, but rather are the joint consequence of recombination decreasing the genealogical correlation of linked DNA segments.
To test these predictions, we surveyed variation in 1-kb stretches 10 kb upstream (5Ј-10kb) and 9 kb downstream (3Ј-9kb) on either side of the DJ. We found relatively low levels of variation segregating in the 5Ј-10kb and 3Ј-9kb regions ( Table 2 , ϭ 0.005 and 0.011, respectively, for silent sites); these values are compatible with genome-wide estimates of polymorphism. Despite the relatively low levels of variability, SNP in 3Ј-9kb region, like that in the CR, is found on two common haplotypes, and as a result, tests of this frequency spectrum are also not compatible with the neutral equilibrium model ( Fig. 2D ; Table  2 ). No evidence, however, exists of association between RPS5 and 3Ј-9kb haplotypes; the two 3Ј-9kb haplotypes are equally present on both RPS5ϩ and RPS5Ϫ alleles (Fig. 2D) . Whether this nonneutral pattern of polymorphism is a residual effect of the selection acting on RPS5 or whether it is indicative of other independent forces will require additional data and analyses.
LD. We used permutation tests to investigate the significance of LD between informative SNPs within and between the CR, 5Ј-10kb, and 3Ј-9kb regions (see Materials and Methods). As might be expected in a species with a high selfing rate (and therefore a low effective recombination rate), we observed a high proportion of significant pairwise LD within each of the three investigated regions (Table 3 , within region). This nonindependence of segregating SNPs within each region reflects the strong haplotype structure already described.
Between the regions, however, we found no evidence for a statistical excess of significant pairwise LD (Table 3 , between regions), indicating that the variation present on haplotypes within each region has been recombinationally shuffled between regions. Evidence also exists for some recombination within the CR (Fig. 2) .
Our findings in the two flanking regions, a lack of elevated polymorphism and the lack of LD between these regions and the CR, suggest that the genealogical histories of the CR and the flanking regions 10 kb away are effectively decoupled. It also suggests that the target of selection maintaining the two old allelic lineages in the CR region must be at or near the DJ, the center of the region of enhanced variability.
Compatibility with Balancing Selection Model. We investigated the compatibility of the data with a model of balancing selection by performing a graphical sliding window analysis of SNP and divergence between A. thaliana and A. lyrata sequences in the three regions (Fig. 3) . We restricted our analysis to silent sites in an attempt to reduce the impact of selective constraint against amino acid replacement changes on the estimate of neutral variability. We also chose to compare the nucleotide diversity between RPS5ϩ and RPS5Ϫ alleles only, rather than overall nucleotide diversity, to sharpen specific predictions of the balancing selection model. A sliding window of 250 silent sites (Fig.  3A) shows that, relative to divergence between species, SNP is highest immediately surrounding the DJ and it remains high throughout the CR, which stands in contrast to the distal regions, where the divergence between RPS5ϩ and RPS5Ϫ alleles is considerably reduced relative to the divergence between species. . Results for two scaled recombination rates are shown for balancing selection (BS) predictions: ϭ 6 ϫ 10 Ϫ4 , our best estimate of this parameter, and ϭ 6 ϫ 10 Ϫ5 , a 10-fold lower rate. Both expected curves assume an equilibrium frequency of the two allelic classes, P ϭ 0.5; The scaled mutation rate (␤) between RPS5ϩ and RPS5Ϫ is fitted for each curve to bring the predictions close to data at the site under selection (assumed to be the DJ).
Modeling a balanced polymorphism allows us to investigate the predicted falloff with distance from the site under selection in interallelic neutral diversity, and to ask whether such a model, when reasonably parameterized for Arabidopsis, is compatible with the SNP data. In other words, are the lower SNP levels seen in the 5Ј-10kb and 3Ј-9kb regions compared with the region surrounding the DJ, the presumed site of selection, compatible with balancing selection? Under an equilibrium model of balancing selection, four parameters control the extent of the enhanced neutral variability surrounding a site under selection, the rate of decay of this variability with physical distance, and the decay of LD between SNPs with physical distance. These parameters are the population mutation rate 2N e u, where N e is the effective population size and u is the mutation rate (per base per generation), the population recombination rate ϭ 2N e r, where r is the recombination rate (per adjacent base pair), the equilibrium allele frequency p of the two selected alleles, and the scaled mutation rate ␤ for the site under selection (i.e., mutations that interconvert resistance and susceptibility alleles).
For any specific combination of parameter values, it is possible to calculate the expected density of SNP at any point in the window scaled to the observed divergence in that window (see Materials and Methods). The scaled mutation rate 2N e u was chosen by averaging estimates of this parameter from previously published studies of SNP. We found that substituting different values of p (0.2 Ͻ p Ͻ 0.8) has relatively little influence on the shape of the expected distribution of SNP, and so we set this value to p ϭ 0.5, the observed frequency of RPS5ϩ. Rather than choosing arbitrary values of , we estimated r and N e independently from physical and genetic maps of the RPS5 region of Arabidopsis, and from genomewide measures of SNP, respectively, as described in Materials and Methods. With this estimate in hand, ϭ 6 ϫ 10
Ϫ4
, we then chose a value of the scaled interallelic mutation rate to produce an expected interallelic diversity peak at the DJ similar to that seen in the actual data.
This procedure yields a reasonable fit of the observed and expected divergence between alleles across the CR, although the expected falloff of polymorphism in this region is somewhat faster than indicated by the observed data. At a distance of 9 or 10 kb away from the DJ, the expected interallelic divergence is only slightly elevated (less than 2-fold) above the expected equilibrium neutral levels for unlinked sites, and it shows a good fit to the observed interallelic divergence (Fig. 3B) . We also investigated smaller values of to improve the fit of the expected and observed interallelic divergence in the CR. A 10-fold decrease in yielded a satisfactory fit between the observed and expected interallelic divergence in the CR, but this result produced a slightly elevated expectation for the distal regions compared with the observed data. None of the differences between the observed and expected levels of polymorphism (for both values of the population recombination rate) are statistically significant when considering average polymorphism levels across each of the three regions, suggesting a satisfactory fit of the model to the data.
Discussion
The levels and configuration of SNP in the CR region do not fit an equilibrium neutral model in two respects. First, the overall level of SNP surrounding the RPS5 DJ is higher than seen in most other similarly fashioned studies of SNP in A. thaliana. Second, nearly all of the SNP is segregating between the two RPS5 allelic classes. Because RPS5 is presumed to confer an important fitness trait, disease resistance, we believe it is reasonable to hypothesize that the polymorphism is the consequence of natural selection that maintains both resistance and susceptibility alleles.
Investigating only the expected behavior of the balancing selection model prevents us from quantitatively assessing the fit of the model and data, because individual realizations of the balancing selection model for a given set of parameters vary considerably (35) . In addition, our assumptions of equal mutation rates between the two allele classes, and uniform recombination rates across the intervals studied may be unrealistic simplifications (36) . Rather, this analysis is intended only to investigate whether the apparent decline in variability and LD between the CR and flanking regions is a reasonable approximation of what might be expected under balancing selection in this species. The analysis allows us to answer this question in the affirmative. Despite the fact that LD between SNPs in Arabidopsis ecotypes can extend on the order of 100 kb (14) , our present state of knowledge of the genetics and population genetics of the species suggests that enhanced interallelic divergence that is characteristic of a long-lived balanced polymorphism may not have a measurable influence much further than approximately 10 kb on average from the site of selection.
The presence of a deep genealogical split between functional classes of alleles and the near-symmetrical falloff in levels of linked polymorphism on either side of RPS5 is not compatible with models of geographic subdivision or hypermutation. If in the history of A. thaliana, the species was split into isolated subpopulations that diverged into RPS5ϩ and RPS5Ϫ haplotypes, then the divergence between the two alleles would not be expected to decrease symmetrically around the DJ, but rather should extend genome-wide. The data are also not compatible with a model in which the original deletion event was accompanied by hypermutation in neighboring DNA. Under the hypermutation hypothesis, the divergence between A. lyrata and RPS5Ϫ alleles should be greater than between A. lyrata and RPS5ϩ alleles. Instead, we find roughly the same number of mutations on the phylogenetic branches leading to the two alleles relative to the sequence of A. lyrata.
Ten accessions have stop codons in the RFL1-coding region (three of 12 RPS5ϩ and seven of 10 RPS5Ϫ) because of frameshift and point mutations. Stop codons in RFL1 occur in both RPS5ϩ and RPS5Ϫ genotypes, making it unlikely that a dichotomy between potentially functional and nonfunctional RFL1 alleles could be the target of balancing selection.
Modeling selection that yields a stable balanced polymorphism, such as we observe for RPS5, will undoubtedly require inclusion of local population dynamics, with gene flow resulting from migration. The patchy distribution of A. thaliana and the fact that it is a selfer means that local populations will often be genetically differentiated. But local populations are also likely to be ephemeral, and long-range dispersal of the small seeds this species produces (including transport associated with human activity) will tend to homogenize populations across larger geographic scales. Local populations can be found that are segregating for both RPS5ϩ and RPS5Ϫ alleles, and epidemiological models of disease resistance can produce protected polymorphism within populations (17) . But between-population dynamics can also be critical for maintaining R-gene polymorphism, and the relative importance of intra-vs. interpopulation selection for disease resistance remains to be investigated.
The evidence presented here for an old polymorphism at RPS5 is nearly identical with our previous finding at RPM1, another R-gene insertion͞deletion polymorphism (17) . In that study, we presented a frequency-dependent demographic model that assumed a fitness cost of the resistance genotype in the absence of a pathogen. A similar cost may be present for the functional RPS5ϩ allele. One other study of SNP in an R gene, RPS2 (37), also suggests a selectively maintained polymorphism. Thus, all three R genes, RPS5, RPM1, and RPS2, show relatively deep splits between resistance and susceptibility alleles. Extensive polymorphism may also be present in A. thaliana between members of R genes belonging to tandem arrays, raising the possibility that these are also subject to selection (38) . Thus, we can now entertain the hypothesis that the functional variability of R genes as a class may be a general adaptive mechanism to combat pathogens, and that additional studies of SNP in other R genes will find deep genealogical splits between functional alleles.
Our analysis of RPS5 polymorphism shows that mutation and recombination in A. thaliana occur at rates that are near optimal for finding long-lived polymorphisms, simply by searching for islands of enhanced SNP. Specifically, this species exhibits a relatively low base level of SNP, making regions of elevated polymorphism easier to detect. And it has a low enough effective recombination rate to allow correlated histories to extend several but not several tens of kilobases. Because the average distance between genes in A. thaliana is on the order of the length of segments with correlated histories, signatures of balancing selection, when they occur, will cover only one or at most only a handful of genes. Thus, in principle, it should be possible to identify many of the loci in the genome segregating for long-lived polymorphisms, and to identify functionally distinct alleles on the basis of the observed genealogies.
Not only will this knowledge allow partial resolution of one of the oldest problems in population genetics, the number of genes with stable polymorphism maintained by natural selection, but it will also identify allelic variants that must be functionally important. These polymorphisms will constitute a useful set of candidates for possible involvement in complex traits, a subject of great current interest. Whole-genome SNP analysis of species such as Arabidopsis has the potential of yielding valuable insights about evolutionary mechanisms underlying variation in individual fitness, insights that almost certainly will be applicable to other species, including our own.
R. Innes kindly provided DC3000::avrPph3. The funding for this work was provided by National Institutes of Health Grant GM57994 (to J.B.).
